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Sixty years ago, Karplus and Luttinger pointed
out that quantum particles moving on a lattice
could acquire an anomalous transverse velocity
in response to a force, providing an explanation
for the unusual Hall effect in ferromagnetic met-
als [1]. A striking manifestation of this trans-
verse transport was then revealed in the quantum
Hall effect [2], where the plateaus depicted by the
Hall conductivity were attributed to a topological
invariant characterizing Bloch bands: the Chern
number [3]. Until now, topological transport as-
sociated with non-zero Chern numbers has only
been revealed in electronic systems [2, 4, 5]. Here
we use studies of an atomic cloud’s transverse de-
flection in response to an optical gradient to mea-
sure the Chern number of artificially generated
Hofstadter bands [6]. These topological bands are
very flat and thus constitute good candidates for
the realization of fractional Chern insulators [7].
Combining these deflection measurements with
the determination of the band populations, we
obtain an experimental value for the Chern num-
ber of the lowest band νexp = 0.99(5). This result,
which constitutes the first Chern-number mea-
surement in a non-electronic system, is facilitated
by an all-optical artificial gauge field scheme, gen-
erating uniform flux in optical superlattices.
One of the most challenging goals in the context of ar-
tificial gauge fields is to implement experimental probes
revealing the non-trivial topology of energy bands. This
would open the path towards the realization of novel
topological states of matter in a wide class of physical set-
tings, ranging from cold atoms to polariton gases [8–11].
Considering cold atoms in optical lattices, it has been
shown theoretically that transport measurements could
allow for a determination of the Chern number charac-
terizing topological Bloch bands [8, 12, 13]. Although
earlier experiments used local cyclotron orbits to detect
the artificial gauge field structure at the single-plaquette
level [14, 15], observing the entire cloud dynamics or de-
termining the Chern number of the underlying bands has
remained out of reach. Here we load ultracold bosonic
atoms into Hofstadter bands, and we report on the direct
detection of the cloud’s spatial motion as a response to an
applied force. Using a novel band-mapping technique, we
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FIG. 1. Schematics of the all-optical experimental setup
used to generate a uniform artificial magnetic field and the
Chern-number measurement. a The setup consists of a two-
dimensional optical lattice with lattice constant a = λs/2 and
tunnel couplings Jx, Jy between neighboring sites. Bare tun-
neling is inhibited along x by a staggered potential, creating
an offset ∆ between gray and white sites. Two additional
pairs of laser beams (red and blue arrows), with wave vectors
|kij | ' kL = pi/(2a) (i = {r, b} and j = {1, 2}) and reso-
nant frequency difference ωi = ωi2 − ωi1 = ±∆/~, are used
to restore tunneling. Each pair consists of two beams, one
running-wave (along y) and one retro-reflected beam (along x,
arrows with lighter shading). Tunneling on red and blue links
is controlled independently by the i = r and i = b beams,
respectively, hence generating a rectified flux Φ = pi/2 per
plaquette (aligned along −eˆz). The magnetic unit cell (gray
shaded area) is four times larger than the usual lattice unit
cell. b The Chern number is extracted from the transverse
displacement of the atomic cloud, in response to an external
force generated by an optical gradient.
track the populations of the Hofstadter bands over time.
We observe that the flatness of the bands leads to homo-
geneous populations within individual bands, through in-
teractions and finite temperatures. For short times, heat-
ing and non-adiabatic interaction effects are limited, and
the detected transverse Hall drift is in agreement with
exact diagonalization studies [12, 13]. Combined with
independent band-population measurements, we extract
the Chern number of the lowest Hofstadter band from
our experimental data. Our work represents the first
determination of a topological invariant characterizing
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FIG. 2. Energy spectra and topology of the Bloch bands as a function of a staggered detuning. a Schematic drawing of the
Hofstadter-like optical lattice with an additional staggered detuning δ along x and y. b Energy spectrum as a function of the
staggered detuning. For a detuning larger than 2J the bands are topologically trivial with Chern numbers νµ = 0. At the
transition point, the band gaps close and the system enters a topologically non-trivial phase, where the Chern number of the
lowest band ν1 = +1. For vanishing detuning δ = 0, the system realizes the Harper-Hofstadter model with flux Φ = pi/2. Note
that the vertical energy axis is rescaled for each spectrum.
two-dimensional Bloch bands using ultracold atoms, and
complements other studies based on atom interferomet-
ric [16, 17] and collective-mode [18] measurements.
Our optical-lattice setup realizes the celebrated
Harper-Hofstadter Hamiltonian [6], which describes the
motion of particles on a square lattice penetrated by a
uniform magnetic flux Φ per unit cell [see also the original
works by Harper [19] and Azbel [20]]. An atom that hops
around a closed loop of the optical lattice picks up a geo-
metric phase, which mimics the Aharonov-Bohm phase of
a charged particle in a magnetic field. The artificial flux
is thus produced by engineering complex tunneling ma-
trix elements with space-dependent (Peierls) phases [6],
through the laser-assisted-tunneling method introduced
by Jaksch and Zoller [21] and subsequent works [9, 22–
25]. The present scheme controls tunneling along the x
direction and uses two main ingredients: a staggered po-
tential with energy offset ∆ between neighboring sites,
inhibiting bare tunneling along x, together with a reso-
nant modulation of frequency ω = ∆/~ restoring the hop-
ping in a controlled way. Using a simple time-dependent
optical potential, which simultaneously triggers the hop-
ping on all the links, naturally produces a staggered flux
distribution [14]. In order to rectify the flux, we imple-
ment a new all-optical driving scheme that uses two pairs
of laser beams to control the laser-induced tunneling on
successive links independently, hence producing a uni-
form flux Φ = pi/2 per unit cell (Fig. 1a). The lowest
band of the corresponding energy spectrum has a Chern
number ν1 = +1 and is thus topologically equivalent to
the lowest Landau level. Moreover, this band exhibits a
large flatness ratio of Egap/Ebw ' 7, where Egap is the
energy gap to the second band and Ebw the bandwidth.
In contrast to previous experiments generating uniform
flux in optical lattices [15, 26], the present scheme does
not rely on magnetic field gradients, and therefore offers
a higher degree of experimental control.
The experimental setup consists of an ultracold gas
of 87Rb atoms that is loaded into a two-dimensional
lattice created by two orthogonal standing waves with
wavelength λs = 767 nm. The atoms are confined in
the perpendicular direction by a weak harmonic poten-
tial using an optical dipole trap. An additional standing
wave with twice the wavelength λL = 2λs is superim-
posed along x to create the staggered potential (Fig. 1a),
with an energy offset ∆ much larger than the bare tun-
neling Jx. The modulation restoring resonant tunneling
is created by two additional pairs of far-detuned laser
beams, each pair generating a moving potential of the
form Vi(x, y, t) = κ cos(kLx+ϕi)cos(−kLy±ωt), where κ
is the driving amplitude, kL = 2pi/λL, and ω = ∆/~. The
relative phases ϕi are adjusted so as to control successive
links independently (Fig. 1a). In the high-frequency limit
~ω  Jx, Jy, this system can be described by an effective
time-independent Hamiltonian [27–31], whose dominant
contributions reproduce the Harper-Hofstadter Hamilto-
nian (see Supplementary Information)
Hˆ = −J
∑
m,n
(
einΦaˆ†m+1,naˆm,n + aˆ
†
m,n+1aˆm,n + h.c.
)
,
Φ = pi/2, (1)
where the Landau gauge was chosen to describe the sys-
tem [6]. Here aˆm,n(aˆ
†
m,n) annihilates (creates) a parti-
cle on site (m,n), where the position in the lattice is
defined as R = maeˆx + naeˆy, with m,n integers and
eˆx,y the unit vectors. In the limit ∆  κ, the effec-
tive coupling strengths are given by Jeffx ' Jxκ/(
√
2∆)
and Jeffy ' Jy; the experimental parameters were cho-
sen such that Jeffx ≈ Jeffy ≡ J . Higher order corrections
to the effective Hamiltonian lead to a local renormaliza-
tion of the hopping along y, which for our experimental
parameters κ/(~ω) can lead to modifications of the tun-
neling up to 0.3Jy (see Supplementary Information). In
3the presence of the effective flux Φ = pi/2, the magnetic
unit cell is four times larger than the standard unit cell
(Fig. 1a). Consequently the first magnetic Brillouin zone
(FBZ) is reduced, and the energy bands split into four
subbands [3, 6]. Since the two middle bands touch at
the Dirac points (Fig. 2b), the energy spectrum is par-
titioned into three isolated bands, labeled as Eµ, with
Chern numbers νµ. We stress that the central “super-
band” contains twice the number of states as compared
to the other two bands.
In order to load the atoms into the lowest Hofstadter
band, we developed an experimental sequence using an
auxiliary superlattice potential (see Supplementary In-
formation), which introduces a staggered detuning δ
along both directions: along x, the offset between neigh-
boring sites is increased away from the resonance con-
dition to ∆ + δ, while it is simply given by δ along y
(Fig. 2a). Importantly, the unit cell of the square lattice
with staggered potentials along both directions is equiv-
alent to the magnetic unit cell of the Harper-Hofstadter
model, and thus, the number of energy bands is preserved
during the loading sequence. For δ > 2J the topology
of the bands is trivial and all Chern numbers are zero.
When crossing the topological phase transition at δ = 2J ,
the spectral gaps close at a single point in the FBZ and
the system enters the topologically non-trivial regime,
where the lowest band E1 has a Chern number ν1 = +1.
Finally, for δ = 0 we realize the Harper-Hofstadter model
with flux Φ = pi/2 (Fig. 2b).
Recently, several methods were proposed to probe the
topological nature of energy bands with cold atoms, ex-
ploiting Bloch oscillations and other transport measure-
ments [12, 13, 28]. In the presence of a constant force
F = F eˆy, atoms on a lattice undergo Bloch oscillations
along the direction of the force; this longitudinal motion
is captured by the band velocity vbandµ = ∂kEµ/~. More-
over, when the energy bands have nonzero Berry cur-
vature, the cloud also experiences a net perpendicular
(Hall) drift (Fig. 1b); this transverse motion is described
by an additional contribution to the velocity, denoted
vxµ [32]. For a particle in a state |uµ(k)〉 of the µ-th band,
this “anomalous” contribution to the velocity reads
vxµ(k) = −
F
~
Ωµ(k), (2)
Ωµ = i
(〈
∂kxuµ|∂kyuµ
〉− 〈∂kyuµ|∂kxuµ〉) ,
where Ωµ(k) is the Berry curvature of the band [32]. The
effects associated with the anomalous velocity vxµ can
be isolated by uniformly populating the bands, which
averages out any contribution from the band velocity,∫
∂Eµ/∂kx,yd
2k = 0. This could be directly realized
with fermionic atoms by setting the Fermi energy within
a spectral gap [13], in analogy with the integer quan-
tum Hall effect. Here we consider an incoherent distri-
bution of bosonic atoms, where the population within
each band is homogeneous in k-space, an assumption
which has been validated independently (see Supplemen-
tary Information). In the absence of inter-band transi-
tions, the contribution of the µ-th band to the center-of-
mass (COM) motion perpendicular to the force can be
written in terms of the Chern number of the µ-th band
νµ =
∫
FBZ
Ωµd
2k/(2pi),
xµ(t) = −4a
2F
h
νµ t = −4a νµ t
τB
, (3)
where the factor 4a2 corresponds to the extended unit
cell (see Fig. 1a) and τB = h/(Fa) is the characteristic
time scale for Bloch oscillations. In our experiments, we
applied an optical dipole force along y (Supplementary
Information) and measured the COM-evolution of the
atomic cloud in-situ for opposite directions of the flux
Φ, which were then subtracted to obtain the differen-
tial shift x(t,Φ)− x(t,−Φ) = 2x(t). For short evolution
times, an almost linear differential displacement is ob-
served (Fig. 3a), while for longer times it saturates due
to band repopulation (Fig. 3b,c). We note that the de-
flection is symmetric with respect to the direction of the
applied force (black and gray data points in Fig. 3b),
as expected from theory. Additionally, we measured
the COM-motion for Φ = 0 (light blue data points in
Fig. 3b) and for a staggered-flux distribution (dark blue
data points in Fig. 3b). Both measurements do not show
any significant displacement, which is consistent with a
Chern number of zero (see Supplementary Information).
The band-mapping sequence, which is basically the
reversed loading sequence as illustrated in Fig. 2b, al-
lows us to measure the band populations of the different
Hofstadter bands during the dynamics (Fig. 3c). For
large detuning δ, tunneling is inhibited along both direc-
tions and the populations of the Hofstadter bands map
onto the ones of the two-dimensional superlattice, where
standard detection techniques can be used to evaluate
the band populations ηµ (see Supplementary Informa-
tion) [33]. The contribution of all atoms in different
bands to the mean COM-displacement can be written
as
x(t) = −4aγ0 ν1 t
τB
, with γ0 = η
0
1 − η02 + η03 , (4)
where the filling factor γ0 is given by the initial band
populations η0µ. This result is obtained by invok-
ing the particle-hole symmetry inherent to the Harper-
Hofstadter model (i.e. ν1 = ν3), together with the fact
that the sum of Chern numbers necessarily vanishes,∑
µ νµ = 0; we have also taken into account that the
middle band contains twice the number of states as com-
pared to the other two bands; its contribution to x(t)
is thus proportional to ν2(η2/2) = −ν1η2 (see Supple-
mentary Information). As a result, the COM displace-
ment in equation (4) is only determined by the initial
band populations η0µ and the Chern number of the low-
est band ν1, under the assumption that the band pop-
ulations are constant over time, which is reasonable for
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FIG. 3. Differential center-of-mass displacements and band populations ηµ(t) versus Bloch oscillation (BO) time. The differen-
tial shifts were measured after loading the atoms in the Hofstadter bands (Φ = pi/2, J/h = 75(3) Hz) and applying an external
force F = ±F eˆy (Fa/h = 38.4(8)Hz). The value of the differential shift was evaluated after averaging ten images per sign of
the flux ±Φ and subsequently subtracting the COM-positions of the atomic cloud. Henceforth we define this as one dataset.
Each data point is an average of five datasets and the error bars depict the error of the mean. a The black solid line is a
linear fit to the data for t ≤ 35 ms. Taking into account the measured initial band populations η0µ = {0.55(6), 0.31(3), 0.13(3)}
and using equation (4) yields the value νexp = 0.9(2). The dashed line depicts the ideal evolution for ν1 = 1 and the same
initial band populations. The green shaded area illustrates the corresponding numerical simulations. These numerics are based
on the Hamiltonian in equation (1) supplemented by small higher-order corrections (see Supplementary Information). b The
black (gray) data points show the evolution for longer times and opposite directions of the applied force F = ±F eˆy. The small
images on the right show typical experimental data obtained after subtracting the averaged images of one dataset for ±Φ. The
blue data points were taken in lattice configurations with trivial topology, Φ = 0 (light blue) and Φ = (−1)mpi/2 (dark blue);
the blue solid lines are guides to the eye. The solid black and gray lines show a fit to our data using equation (5) combined
with the filling factor γ(t), which was evaluated using the measured band populations ηµ(t) shown in (c) and fitted with an
exponential. This provides an experimental Chern number νexp = 1.05(12) (black) and νexp = 0.98(12) (gray). c Evolution of
the band populations ηµ(t) = N
(µ)/Ntot, defined as the fraction of particles in band µ. Each data point is an average of two
individual measurements and the error bars denote the standard deviation of the data points. The color code illustrates the
connection to the Hofstadter bands shown in Fig. 2b.
short times. Comparing the short-time trajectories of
the atomic cloud x(t) with the equation of motion (4),
together with the measured initial filling factor γ0, pro-
vides a first reasonable experimental value for the Chern
number of the lowest band νexp = 0.9(2). In particular,
for short times, we find good agreement between the the-
oretical predictions based on the effective Hamiltonian
and the experimental data (Fig. 3a).
We now present a more precise Chern-number mea-
surement based on a long-time analysis, which takes into
account the repopulation of atoms between the three Hof-
stadter bands (see Fig. 3c). One possible reason for
this are Landau-Zener transitions, which are neglected
in equation (4) but well captured by the numerical sim-
ulations (green shaded area in Fig. 3a). However, we
observe similar repopulation timescales in the absence of
the force, most likely due to heating of the atoms caused
by the periodic driving. In order to capture the band
repopulation effects, we benefit from the measured filling
factor γ(t) = η1(t)−η2(t)+η3(t) and model the dynamics
according to the modified equations of motion
x(t) = −4a ν1
∫ t
0
γ(t′)dt′/τB . (5)
By fitting this equation to the experimental data x(t),
with the Chern number being the only fit parameter, we
obtain an experimental value for the Chern number of
the lowest band
νexp = 0.99(5) . (6)
Here we averaged over four independent Chern-number
measurements, two for each direction of the gradient
to avoid systematic errors (see inset of Fig. 4a). The
stated uncertainty is the standard deviation obtained
from these measurements. This shows that including our
time-resolved band-mapping data into our modeling of
the transverse Hall drift leads to a very good understand-
ing of the full time dynamics, and allows us to extract the
value of the Chern number with high accuracy. The value
of the applied force was chosen to be large enough to ac-
curately detect the displacement, but weak enough to
limit non-linear effects and Landau-Zener induced inter-
band transitions.
The dependence of our Chern-number measurement
with respect to the force was studied in more detail, as
shown in Fig. 4a. For gradient strengths smaller than the
band gap, Fa < Egap ≈ 1.5J , the experimental value for
the Chern number saturates to νexp ≈ 1, indicating that
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FIG. 4. Measured Chern number νexp as a function of gradi-
ent strength Fa and staggered detuning δ. a For each value
of the gradient, we measured the full time evolution of the dif-
ferential shift and filling factor γ(t) (similar to the evolution
shown in Fig. 3b,c) to extract the value of the Chern number.
The solid line is a guide to the eye to highlight the saturation
to νexp ≈ 1 for small gradients. The green data point depicts
the experimentally determined Chern number νexp = 0.99(5)
for ±Fa/h = 38.4(8)Hz, for which a larger number of mea-
surements were taken as displayed in the inset. b The differ-
ential shift versus detuning was measured after four different
times t = (20, 50, 100, 150) ms for Fa/h = 38.4(8)Hz to fit
the Chern number based on the measured filling factor γ(t).
The topological phase transition, which is expected at δ = 2J
for the model (Fig. 2b), is smoothened due to experimental
uncertainties (green solid curve). The blue shaded area il-
lustrates the range of transition points δ = 1.77(14)J given
by the second-order correction, for our experimental parame-
ters κ/(~ω) = 0.58(2) (see Supplementary Information). The
green and blue curves are calculated taking into account the
experimental uncertainty in the detuning (0.4J , horizontal er-
ror bars), which is determined experimentally by typical drifts
and fluctuations of the resonance frequency. All data points
include an average of five datasets for each time-step for the
differential shift and two measurements for γ(t). As in (a)
the green data point depicts the experimentally determined
Chern number νexp = 0.99(5) for δ = 0. All vertical error bars
display the uncertainty resulting from the fit error of γ(t).
it can be determined reliably for small forces. For very
strong forces Fa > Egap, our model breaks down and the
experimental value νexp decreases to zero.
Finally we characterized the topological phase transi-
tion, which is expected for a staggered detuning of δ = 2J
(see Fig. 2). For this analysis, we set the gradient ampli-
tude to the value Fa = 38.4(8)Hz× h = 0.51(1)J , which
is well below the band gap for δ = 0. In agreement with
theory, we observe that the experimental value for the
Chern number decreases to zero across the phase transi-
tion (Fig. 4b). We note that Landau-Zener transitions to
higher bands become more important when approaching
the transition (gap-closing point); however, this should
not affect the measurement since the band-repopulation
is taken into account, according to equation (5). The
smoothened transition is most likely due to the exper-
imental uncertainties in the resonance condition (green
solid line in Fig. 4b). In addition, second-order cor-
rections to the effective Hamiltonian shift the transition
point to a mean value of δ ≈ 1.8J for our experimental
parameters κ/(~ω) = 0.58(2) (solid blue line and shaded
region in Fig. 4b, see Supplementary Information).
In conclusion, we have successfully implemented a
method to measure the Chern number in a cold-atom
setup, which can be generalized to a wide range of
non-electronic systems, including ion traps [9], photonic
crystals [10] and polaritons [11]. While our measurement
accommodates dynamical transitions to higher bands,
which we attribute to the lattice modulation used to
engineer the topological band structure, our results high-
light the necessity to further deepen the understanding
of heating processes in periodically-driven quantum sys-
tems. Minimizing heating effects and clarifying the role
of interactions in these modulated systems will be crucial
in view of reaching topological strongly-correlated states
in Chern bands, such as fractional Chern insulators [7].
Recently we have become aware of related mea-
surements showing signatures of the Berry curvature in
periodically modulated honeycomb optical lattices [34].
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S.I. FLUX RECTIFICATION IN A STAGGERED
OPTICAL POTENTIAL
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FIG. S1. Total time-dependent potential Vr(x, 0, t) (a) and
Vb(x, 0, t) (b) as a function of time for y = 0. For each of
the two modulations (red and blue) the relative modulation
amplitude between neighboring sites vanishes on every other
bond. The modulation depicted in (a) therefore induces tun-
neling only on bonds with a positive energy offset +∆ between
neighboring sites and the one depicted in (b) on bonds with
negative energy offset −∆.
In this section we describe the laser configuration
used to rectify the artificial magnetic field in a two-
dimensional superlattice potential as illustrated in Fig. 1a
of the main text. The staggered energy offset ∆ in-
troduced by the staggered superlattice potential inhibits
tunneling along x for ∆  Jx, with Jx being the bare
tunnel coupling. In our previous work [S1] we used one
pair of far-detuned running-wave beams to restore the
tunneling along this direction, which results in a stag-
gered effective magnetic field whose sign is alternating
along x. In order to rectify this artificially generated
magnetic field we now employ two pairs of beams (red
and blue arrows in Fig. 1a of the main text), where each
of them addresses only every other bond (Fig. S1), such
that the sign of the Peierls phases on the two different
kinds of bonds (red and blue dashed lines in Fig. 1a of the
main text) can be controlled individually. Each pair con-
sists of two beams, along the x- and y-direction, where
the ones along x are retro-reflected creating a standing-
wave that interferes with the running-wave along y. The
corresponding local time-dependent optical potential is
given by
Vi(x, y, t) = 4E
2
i1cos
2(kLx+ ϕi) + E
2
i2
+ 4Ei1Ei2cos(kLx+ ϕi)×
cos(−kLy + ωit+ φi) , (S.1)
where ϕi is the phase relative to the underlying lattice
and φi is the phase of the modulation, i = {r, b}. The lo-
cal potential consists of two parts, a static standing-wave
term with constant offset and a time-dependent interfer-
ence term. In Fig. S1 we show the total time-dependent
potential Vi for y = 0, ϕr = −pi/4 and ϕb = pi/4. It il-
lustrates that for an appropriate choice of ϕi the relative
modulation between neighboring sites vanishes on every
other bond. Furthermore if ϕb = ϕr + pi/2 the two pairs
of beams address two different kinds of bonds with pos-
itive and negative sign of the energy offset ±∆ between
neighboring sites. This has the additional advantage that
the two standing wave-terms in Vr(x, y, t) and Vb(x, y, t)
cancel each other.
In our experimental setup all four beams are realized
using a single laser. The beam is split into two parts
(beam 1 & 2). Subsequently each of them is sent through
a fiber-coupled intensity modulator, which is used to
create two sidebands (red and blue) with frequencies
ωrj,bj , j = {1, 2}. The carrier frequency is fully sup-
pressed. The frequency differences between each pair of
sidebands are given by ωr1 − ωb1 = 2pi × 185 MHz and
ωr2 − ωb2 = 2pi × 185 MHz+∆/~. Due to the large fre-
quency difference between the sidebands ωrj,bj we can
neglect the corresponding interference terms, such that
the only relevant time-dependent terms for the modula-
tion are given by the interference between ωi1 and ωi2.
Since the sidebands are generated symmetrically around
the carrier frequency, they also have the same amplitudes
Erj = Ebj ≡ Ej . This beam configuration thus leads to
a local time-dependent optical potential of the form
Vm,n(t) = κ cos(mpi/2− pi/4)× (S.2)
cos(−npi/2 + ωrt+ φr)
+ κ cos(mpi/2 + pi/4)×
cos(−npi/2 + ωbt+ φb) ,
with κ = 4E1E2 and ωi = ωi2 − ωi1. The position in
the lattice is defined as R = maeˆx + naeˆy, with m,n
integers and eˆx,y the unit vectors. The relative phase be-
tween the two modulations φb − φr can be controlled in
the experiment but its value neither influences the value
of the effective flux realized by the modulation nor the
strength of the effective couplings that appear in the ef-
fective Hamiltonian. Therefore, without loss of generality
we choose this phase equal to φb−φr = pi/2. The overall
phase of the modulation relative to the underlying lattice
however is random because the phase of the running-wave
along y is not stabilized with respect to the lattice po-
tential and is denoted as φ0, so that the time-dependent
potential reads
Vm,n(t) = κ cos(mpi/2− pi/4)× (S.3)
cos(−npi/2 + ωrt+ φ0)
+ κ cos(mpi/2 + pi/4)×
cos(−npi/2 + ωbt+ pi/2 + φ0) .
For resonant modulation ωr = −ωb = ∆/~, the total
time-dependent Hamiltonian can be mapped onto an ef-
8fective time-independent Hamiltonian with effective tun-
neling amplitudes Jeffx ' Jxκ/(
√
2∆) and Jeffy ' Jy (see
also Sect. S.III). The effective coupling along x is complex
with spatially-dependent phases φm,n = φ0 +
pi
2 (m+ n),
which defines our experimental gauge and results in a
flux of Φ = φm,n+1 − φm,n = pi/2 per plaquette, aligned
along the -eˆz−direction. Note that in the main text and
Sect. S.IV of the Supplementary Information we have
chosen to describe our system using the Landau gauge
φm,n = npi/2 for the sake of simplicity.
S.II. LASER-ASSISTED TUNNELING ON
EVERY OTHER BOND
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FIG. S2. Suppression of tunneling on every other bond (a)
Schematic drawing of the experimental setup. Along x a tilted
double-well potential with energy offset ∆ is used to inhibit
tunneling. A pair of beams (red arrows) with frequency dif-
ference ω is then used to restore resonant tunneling. The
corresponding local optical potential V (x) is shown in red for
y = t = 0. The relative phase between the modulation and
the underlying lattice is denoted as ϕ (b). The gray data
points show the measured effective coupling strength induced
by the modulation as a function of the relative phase ϕ. The
solid line is a fit of eq. (S.4), where the amplitude and the
phase offset are used as free fit parameters.
Experimentally we studied the applicability of our flux-
rectification method by measuring the suppression of tun-
neling on every other bond using only one pair of the
beams mentioned above (see Sect. S.I). The measure-
ment was performed in isolated tilted double-well po-
tentials (see Fig. S2a), where tunneling on every other
bond was suppressed due to a high potential barrier and
tunneling within the double well was inhibited due to a
potential offset between neighboring sites. We then re-
stored resonant tunneling within the double-wells using
only one pair of beams for the modulation and measured
the effective tunneling amplitude as a function of ϕ, the
phase relative to the underlying lattice. The effective
tunnel coupling is proportional to the relative modula-
tion amplitude between neighboring sites, which can be
expressed as
Vm+1,n(t)− Vm,n(t) =
√
2κ|sin(ϕ)|cos(−npi/2 + ωt)
(S.4)
where we have chosen the convention that for ϕ = 0 the
modulation along x is in phase with the long lattice used
to create the double-well potential and thus corresponds
to a modulation that is in-phase on the two sites of the
double-well and therefore cannot induce tunneling.
The experimental sequence started by loading a Bose-
Einstein condensate of 87Rb atoms into a 3D optical
lattice of depths Vz = 30(1) Erz, Vy = 30(1) Ers and
VxL = 35(1) ErL, with Erα = ~2k2α/(2m), α = {s, L, z},
and kz = 2pi/λz, with λz = 844 nm, λs = 767 nm and
λL = 2λs. After applying a filtering sequence where all
double occupancies were removed, the short lattice along
x was ramped up to Vx = 7.0(2) Ers within 20 ms. The
phase of the superlattice was chosen such that a tilted
double well with an energy offset of ∆/~ ≈ 4.5 kHz was
created where all atoms were located in the lower en-
ergy sites. Then we switched on the modulation instan-
taneously in order to induce resonant tunneling. The
effective tunnel coupling was then determined by looking
at the Rabi oscillations between the left and right wells of
the double-well potentials as a function of the holdtime.
The corresponding data is shown in Fig. S2. From this
we obtain an upper limit for the suppression of tunneling
on every second bond of Jeffx,min/J
eff
x,max < 0.13. A resid-
ual coupling is most likely due to imperfect reflection of
the retro-reflected beam along x.
S.III. THE EFFECTIVE
HARPER-HOFSTADTER HAMILTONIAN
The experimental setup used to rectify the artificial
magnetic flux in a two-dimensional superlattice potential
as described in Sect. S.I gives rise to an explicitly time-
dependent Hamiltonian, which can be separated as
Hˆ(t) = Hˆ0 + Vˆ (t), (S.5)
where Hˆ0 describes the static components, and Vˆ (t) is
the time-dependent modulation.
Considering a single-band tight-binding approxima-
tion, the static Hamiltonian Hˆ0 is taken in the form
Hˆ0 =Tˆx + Tˆy + Vˆconf + Uˆint (S.6)
+
∆
2
∑
m,n
(−1)mnˆm,n + δ
2
∑
m,n
[(−1)m + (−1)n] nˆm,n.
The first line includes the confining potential, the
9nearest-neighbor hopping and interaction terms,
Tˆx = −Jx
∑
m,n
aˆ†m+1,naˆm,n + aˆ
†
m−1,naˆm,n,
Tˆy = −Jy
∑
m,n
aˆ†m,n+1aˆm,n + aˆ
†
m,n−1aˆm,n,
Vˆconf =
∑
m,n
nˆm,nVconf(m,n),
Uˆint = (U/2)
∑
m,n
nˆm,n (nˆm,n − 1) ,
where Jx,y denote the hopping matrix elements, aˆ
†
m,n cre-
ates a particle at lattice site x = (ma, na), a is the lattice
spacing, (m,n) are integers and U denotes the on-site in-
teraction strength. The number operator is defined as
nˆm,n = aˆ
†
m,naˆm,n, and the external harmonic trapping
potential Vconf(m,n) ∝ (m2 + n2). The second line in
eq. (S.6) describes the main staggered potential with en-
ergy offset ∆ + δ between neighboring sites, which in-
hibits tunneling along the x direction and an auxiliary
weak staggered potential with offset δ along y. The ad-
ditional offset δ gives rise to a symmetric staggered de-
tuning along both directions, with δ  ∆.
In the tight-binding limit in which we work, the main
effect of the additional pairs of beams (see Sect. S.I)
is a modulation of the on-site energies, giving a time-
dependent contribution to the Hamiltonian of the form
Vˆ (t)=κ
∑
m,n
nˆm,n {fr(m) cos[ωt+gr(n)]
+fb(m) cos[ωt+gb(n)]} ,
fr(m) = cos(mpi/2− pi/4), fb(m) = cos(mpi/2 + pi/4),
gr(n) = φ0 − npi/2, gb(n) = npi/2− φ0 − pi/2, (S.7)
where φ0 is determined by the relative phase between the
running-waves along y and the underlying lattice poten-
tial, which is not controlled in the current experimental
setup (see Sect. S.I). In order to restore the tunneling
along the x direction, we fix the modulation frequency ω
so as to satisfy the resonance condition ~ω = ∆.
The time-evolution of the system is ruled by the
Schro¨dinger equation i~∂tψ = Hˆ(t)ψ. Let us consider
the unitary transformation
ψ = Rˆ(t)ψ˜ = exp
(
−iω
2
Wˆ t
)
ψ˜, (S.8)
Wˆ =
∑
m,n
(−1)mnˆm,n.
The transformed state satisfies the Schro¨dinger equation
i~∂tψ˜ = H˜(t)ψ˜, with the modified Hamiltonian
H˜(t) = H˜0 + Vˆ
(+1)eiωt + Vˆ (−1)e−iωt, (S.9)
where
H˜0 = Tˆy + Vˆconf + Uˆint +
δ
2
∑
m,n
[(−1)m + (−1)n] nˆm,n
Vˆ (+1) =
κ
2
∑
m,n
nˆm,n g(m,n) (S.10)
−Jx
∑
modd,n
aˆ†m+1,naˆm,n+aˆ
†
m−1aˆm,n,
Vˆ (−1) =
κ
2
∑
m,n
nˆm,n g
∗(m,n)
−Jx
∑
meven,n
aˆ†m+1,naˆm,n+aˆ
†
m−1aˆm,n,
where
g(m,n) = fr(m)e
igr(n) + fb(m)e
igb(n). (S.11)
We describe the time-evolution of the system by par-
titioning the evolution operator as
Uˆ(t) = e−iKˆ(t)e−itHˆeff/~eiKˆ(0), (S.12)
where the effective Hamiltonian Hˆeff describes the long-
time dynamics, and where the operator Kˆ(t) captures the
micro-motion, see Refs. [S2, S3]. Note that the initial
kick eiKˆ(0), which depends on the initial phase of the
modulation, is inhibited in the experiment by launching
the modulation adiabatically. Following Ref. [S2], we find
that the effective Hamiltonian associated with the general
single-harmonic time-dependent Hamiltonian in eq. (S.9)
is given by
Hˆeff = H˜0 +
1
~ω
[Vˆ (+1), Vˆ (−1)] (S.13)
+
1
2(~ω)2
(
[[Vˆ (+1), H˜0], Vˆ
(−1)] + [[Vˆ (−1), H˜0], Vˆ (+1)]
)
+O(1/ω3),
where we considered a perturbative expansion in pow-
ers of (1/ω). To be explicit, we introduce a small di-
mensionless quantity Ωeff/ω  1, where Ωeff is a typical
frequency associated with the effective Hamiltonian (see
below). In the following, we will identify Ωeff with the cy-
clotron frequency associated with the Harper-Hofstadter
Hamiltonian (S.17), Ωeff = B/m
∗, where B = Φ~/a2 is
the effective magnetic field, Φ is the related flux per pla-
quette and m∗ = ~2/(2Ja2) is the effective mass with
J = Jeffx = Jy. In the present experimental scheme, the
flux will be found to be Φ = 2pi(1/4), see eq. (S.17) be-
low, so that we obtain Ωeff = piJ/~; hence, the driving
should satisfy the high-frequency condition ~ω = ∆ J ,
which is indeed the case in the experiment.
We now evaluate the effective Hamiltonian in
eq. (S.13), up to second-order in (1/ω),
Hˆeff = Hˆ
(0)
eff + Hˆ
(1)
eff + Hˆ
(2)
eff +O(1/ω3) (S.14)
using the specific operators defined in eq. (S.10).
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The zeroth-order terms
The zeroth order contribution to the effective Hamil-
tonian is given by the static terms
Hˆ
(0)
eff =H˜0 = Tˆy + Vˆconf (S.15)
+Uˆint +
δ
2
∑
m,n
[(−1)m+(−1)n] nˆm,n,
which signals the absence of tunneling along the x direc-
tion at the lowest order of the calculations.
The first-order terms
The first-order contributions to the effective Hamilto-
nian are given by
Hˆ
(1)
eff =
1
~ω
[Vˆ (+1), Vˆ (−1)] (S.16)
= Jeffx
∑
m,n
aˆ†m+1,naˆm,ne
iφm,n + h.c.,
Jeffx = Jx
κ√
2~ω
, φm,n = [pi/2(m+ n)− φ0] ,
hence simultaneously restoring the hopping along the x
direction and generating space-dependent Peierls phases
φm,n. In the experiment, the parameters are chosen such
that the hopping is approximately homogeneous along
both spatial directions, yielding Jeffx ≈ Jy ≈ 75Hz × h.
Consequently, the first-order contributions are as impor-
tant as the zero-th order terms.
In summary, the first-order effective Hamiltonian re-
produces the Harper-Hofstadter model [S4] with a uni-
form flux Φ = 2pi(1/4) = pi/2 per plaquette,
Hˆeff = Hˆ
(0)
eff + Hˆ
(1)
eff , (S.17)
= Jeffx
∑
m,n
{
aˆ†m+1,naˆm,ne
i[pi/2(m+n)−φ0] + h.c.
}
− Jy
∑
m,n
{
aˆ†m,n+1aˆm,n + aˆ
†
m,n−1aˆm,n
}
+ Vˆextra,
Vˆextra =
δ
2
∑
m,n
[(−1)m+(−1)n] nˆm,n + Vˆconf + Uˆint.
At this order of the calculations, all additional effects [i.e.
the static staggered potential detuning, the confinement
and interactions] are assembled in Vˆextra. Note that for
the Hamiltonian given in eq. (1) of the main text and
the discussion of the energy spectrum in Sect. S.IV of the
Supplementary Information, we have chosen to describe
our system in the Landau gauge φm,n = npi/2 for the
sake of simplicity.
The second-order terms
The second-order contributions lead to four distinct
corrections:
Hˆ
(2)
eff =
1
2(~ω)2
(
[[Vˆ (+1), H˜0], Vˆ
(−1)] + [[Vˆ (−1), H˜0], Vˆ (+1)]
)
= C1 + C2 + C3 + C4.
In the following, we omit the high-order contributions
stemming from the on-site interaction term Uˆint, which
lead to negligible delocalized interaction terms.
The first and main correction is a space-dependent
renormalization of the hopping along the y direction:
C1 = −Jy
( κ
2~ω
)2∑
m,n
µm,naˆ
†
m,n+1aˆm,n + h.c.
µm,n = −2 + 2(−1)m+n cos(2φ0). (S.18)
Thus, taking into account this second-order correction,
we find that the hopping amplitude is potentially in-
homogeneous along the y direction, and that it ranges
between Jeffy = Jy and J
eff
y = Jy[1 − (κ/(~ω))2]. As dis-
cussed in the next Section, the parameter κ/(~ω) ≈ 0.58
in the experiment, so that this effect cannot be safely
neglected.
The three other corrections are very weak, and thus,
they can be neglected in the regimes explored by the
experiment. To be explicit, the second correction is a
weak next-nearest-neighbor hopping term of the form
C2 = κJxJy
(~ω)2
∑
m,n
eiθ1 aˆ†m+1,n+1aˆm,n + e
iθ2 aˆ†m−1,n+1aˆm,n
+ eiθ3 aˆ†m+1,n−1aˆm,n + e
iθ4 aˆ†m−1,n−1aˆm,n.
The third effect is an even weaker correction to the
nearest-neighbour hopping term along x,
C3 = κJx
2(~ω)2
∑
m odd,n
λm,naˆ
†
m+1,naˆm,n
+λ˜m,naˆ
†
m−1,naˆm,n + h.c.
where λm,n and λ˜m,n depend linearly on the additional
(weak) potentials in Vˆextra, see Eq. (S.17). The fourth
effect C4 is a negligible next-nearest-neighbor hopping
term proportional to JxJy/(~ω)2  1.
Summary
In conclusion, in the parameters regime considered in
the experiment, we find that the dynamics should be well
described by the first-order effective (Harper-Hofstadter)
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Hamiltonian in eq. (S.17), including the second-order cor-
rections C1 presented in eq. (S.18):
Hˆeff = −J
∑
m,n
{
aˆ†m+1,naˆm,ne
i[pi/2(m+n)−φ0] + h.c.
+ (1 + fm,n)aˆ
†
m,n+1aˆm,n + h.c.
}
+
δ
2
∑
m,n
[(−1)m+(−1)n] nˆm,n + Vˆconf + Uˆint,
(S.19)
where we introduced the correction to the hopping along
y
fm,n = −1
2
( κ
~ω
)2 {
1− (−1)m+n cos(2φ0)
}
, (S.20)
and where we set J = Jy. Moreover, in this regime the
static linear gradient used to generate the Hall drift can
be simply added according to
Hˆeff → Hˆeff − Fa
∑
m,n
nnˆm,n.
S.IV. ENERGY SPECTRUM AND MAGNETIC
UNIT CELL
The energy spectrum of non-interacting particles in a
periodic potential exposed to an external magnetic field
is described by the well-known Hofstadter butterfly [S4].
This structure can be understood, starting from a simple
tight-binding description. In the absence of the mag-
netic field, the tight-binding approximation leads to a
single energy band, E = −2J [cos(kxa)+cos(kya)], where
J is the tunneling matrix element between neighboring
sites. Adding the magnetic field, through the introduc-
tion of Peierls phases [S4], leads to a fractionalization of
the tight-binding band into several subbands: in partic-
ular, when the magnetic flux per plaquette is given by
Φ = 2piα = 2pi(p/q), with p, q integers, the band splits
into q subbands. In our experimental setup α = 1/4, so
that the energy spectrum is constituted of four subbands.
Besides, the magnetic flux effectively extends the stan-
dard unit cell of the lattice into a “magnetic unit cell”,
which in this case is constituted of q = 4 lattice sites.
In the following, and for the sake of simplicity, we have
chosen to describe the system using the Landau gauge
together with a square [“symmetric”] 4-site unit cell, see
the gray shaded area in Fig. 1a of the main text and
below.
We start with the Schro¨dinger equation associated
with the Harper-Hofstadter model [S4],
εΨm,n = e
inpi/2Ψm+1,n
+e−inpi/2Ψm−1,n + Ψm,n+1 + Ψm,n−1,
which describes hopping on the square lattice in the pres-
ence of a magnetic flux Φ = pi/2 per plaquette. Here
ε = −E/J , (m,n) are integers labeling the lattice sites,
and for now, we considered that the hopping is homoge-
neous along both directions (i.e. Jeffx = Jy = J in terms
of the experimental parameters discussed in the previous
section). To solve this equation, we make the following
ansatz for the wave function:
Ψm,n = e
ikxmeikyn

ψA, for m,n even
ψB e
inpi/2 for m odd, n even
ψC for m even, n odd
ψD e
inpi/2 for m,n odd
where kx, ky are defined within the first mag-
netic Brillouin zone (kx ∈ [−pi/(2a), pi/(2a)[, ky ∈
[−pi/(2a), pi/(2a)[). Inserting this ansatz into the
Schro¨dinger equation we obtain the following 4×4 eigen-
value equation
Hˆ
ψAψBψC
ψD
 = E(k)
ψAψBψC
ψD
 , (S.21)
with
Hˆ = −2J
 0 cos kx cos ky 0cos kx 0 0 − sin kycos ky 0 0 −i sin kx
0 − sin ky i sin kx 0
 , (S.22)
where we set a = 1.
Adding the staggered potential detuning (see main text
and Eq. (S.17) above),
δ
2
∑
m,n
[(−1)m + (−1)n] nˆm,n,
where nˆm,n is the particle number operator at lattice site
(m,n), leads to the modified Hamiltonian matrix
Hˆ → Hˆ = −2J
(−δ/2J) cos kx cos ky 0cos kx 0 0 − sin kycos ky 0 0 −i sin kx
0 − sin ky i sin kx (δ/2J)
 .
(S.23)
Finally, to build the complete effective Hamiltonian,
we consider the contribution of the inhomogeneous hop-
ping along the y direction, which stems from the second-
order corrections in eq. (S.18), see Section S.III. The total
hopping term along the y direction [including the zero-th
order “bare” hopping and the second-order corrections]
is written as [eq. (S.19)]
Tˆy = −J
∑
m,n
(1 + fm,n)aˆ
†
m,n+1aˆm,n
+(1 + fm,n−1)aˆ
†
m,n−1aˆm,n,
fm,n = −1
2
( κ
~ω
)2 {
1− (−1)m+n cos(2φ0)
}
,(S.24)
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where we set J = Jy is the bare hopping along the y
direction (and we remind that Jeffx = Jy = J). Taking
these corrections into account (see Section S.III) leads to
the final effective Hamiltonian matrix
Hˆeff =−2J
 (−δ/2J) cos kx cos ky + h1 0cos kx 0 0 − sin ky + h∗2cos ky + h∗1 0 0 −i sin kx
0 − sin ky + h2 i sin kx (δ/2J)

h1 = −1
2
( κ
~ω
)2
[cos ky − i cos(2φ0) sin ky] , h2 = 1
2
( κ
~ω
)2
[sin ky + i cos(2φ0) cos ky] . (S.25)
In the experiment, κ/(~ω) ≈ 0.58, so that the effects
related to the inhomogeneous hopping along the y di-
rection cannot be neglected [i.e. the hopping can po-
tentially be reduced locally by 30%]. We illustrate this
effect by computing the gap closing point, separating the
topological and non-topological regimes and driven by
the staggered potential detuning δ, for κ/(~ω) = 0.58
and φ0 ∈ [0, pi]. As shown in Fig. S3, the ideal transi-
tion point δ = 2J , corresponding to the homogeneous
Harper-Hofstadter model (S.23) [Jeffx = J
eff
y ], is shifted
and oscillates as a function of the relative phase φ0. We
find that these effects are of the order of experimental
uncertainties, indicating that higher-order effects can be
safely neglected in the analysis. In particular, omitting
the effects due to the external trap and inter-particle in-
teractions, we find that the setup and its phase transi-
tions are well described by the 4× 4 Hamiltonian matrix
in eq. (S.25).
1.6
1.8
2
2.2
0 ππ/2
δ
φ0
Δgap
0
0.1J
/J
FIG. S3. Gap closing point, separating the topological and
non-topological regimes, as a function of the staggered poten-
tial detuning δ and the relative phase φ0 for κ/(~ω) = 0.58.
Here Jeffx = Jy = J , where Jy is the bare tunneling amplitude
along y. The blue dotted line shows the transition point for
the homogeneous Harper-Hofstadter model in eq. (S.23), i.e.
Jeffx = J
eff
y = J .
S.V. THE ANOMALOUS VELOCITY, THE
HALL DRIFT AND THE EFFECTIVE CHERN
NUMBER
General discussion
We start the discussion by considering a square lattice
subjected to a general flux per plaquette α = p/q
[in units of the flux quantum, i.e. Φ = 2piα]. Each
“magnetic” unit cell of the lattice contains q lattice sites,
and the energy spectrum splits into q subbands. In the
case where these bands are well separated, the number
of states available in each subband is Nstate = NxNy,
where Nx,y are the numbers of magnetic unit cells along
each spatial direction [there are then qNxNy lattice sites
in the system].
The q bands are labelled as εµ(kx, ky), where µ =
1, . . . , q, and the quasi-momenta [Bloch parameters] take
the values
kx =
2pinx
Lx
, ky =
2piny
Ly
, nx,y = 1, . . . , Nx,y, (S.26)
∆kx =
2pi
qNxa
, ∆ky =
2pi
Nya
, (S.27)
where we have chosen the magnetic unit cell to have
length qa along the x direction, such that the overall
system has lengths Lx = qNxa and Ly = Nya (In the
main text, for q = 4, the magnetic unit cell is chosen to
have size 2a×2a, such that Lx,y = 2Nx,ya and the result-
ing magnetic Brillouin zone is symmetric with respect to
kx and ky). The first “magnetic” Brillouin zone (FBZ)
is defined by
kx ∈ (−pi/qa, pi/qa], ky ∈ (−pi/a, pi/a]. (S.28)
We act on the particles with a force F = F eˆy, aligned
along y, and we focus the following analysis on the ve-
locity v = vx defined in the direction perpendicular to
the force. The average velocity in a state |uµ(kx, ky)〉
associated with the energy εµ(kx, ky) is given by [S5]
vµ(kx, ky) = v
band
µ −
F
~
Ωµ(k), (S.29)
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where Ωµ(k) is the Berry curvature of the µ-th band,
Ωµ(k) = i
(〈∂kxuµ|∂kyuµ〉 − 〈∂kyuµ|∂kxuµ〉) , (S.30)
and vbandµ = (1/~)∂kxεµ is the standard band velocity
along x. The contribution due to the Berry’s curvature
in eq. (S.29) is generally referred to as the “anomalous
velocity”, see Ref. [S5].
We now populate each band εµ withN
(µ) particles. We
assume that these particles uniformly distribute them-
selves over the entire band (this assumption is validated
experimentally through the band-mapping technique, see
also Sect. S.VII). We write the total number of particles
as
Ntot = N
(1) +N (2) + · · ·+N (µ) + · · ·+N (q). (S.31)
The mean number of particles in a state |uµ(kx, ky)〉 is
then given by
ρ(µ)(k) =
N (µ)
NxNy
= ρ(µ). (S.32)
The mean velocity per particle is given by
〈v〉 = 1
Ntot
∑
µ
∑
k
ρ(µ)(k) v(µ)(k),
=
1
Ntot
∑
µ
ρ(µ)
∑
k
(
−F
~
Ωµ(k)
)
,
=
1
Ntot
∑
µ
ρ(µ)
(
−2pi
~
F∆−1kx ∆
−1
ky
)
× 1
2pi
∑
k
Ωµ(k)∆kx∆ky︸ ︷︷ ︸
→νµ
,
=
1
Ntot
∑
µ
ρ(µ)
(
−FqNxNya
2
h
)
νµ,
=
1
Ntot
∑
µ
N (µ)
(
−Fqa
2
h
)
νµ,
where we introduced the Chern number νµ of the µ-th
band [S6, S7, S8]
νµ =
1
2pi
∫
FBZ
Ωµ(k)d
2k. (S.33)
Here, the velocity has no contribution from the band ve-
locity ∂kxεµ, which vanishes by symmetry when the band
is uniformly filled [S5, S9, S11].
Introducing the band filling factor ηµ, we finally find
the mean velocity per particle
〈v〉 = −Fqa
2
h
∑
µ
ηµνµ, ηµ = N
(µ)/Ntot.
For ηµ(t) = η
0
µ constant in time, the center-of-mass dis-
placement along the x direction is thus given by
x(t) = x(t0)− Ftqa
2
2pi~
∑
µ
η0µνµ. (S.34)
We stress that we assumed that the force F is weak
enough so that the band populations remain constant
during the motion.
If only the lowest band is filled, i.e. η01 = 1 and η
0
µ>1 =
0, we find
x(t) = x(t0)− Ftqa
2
2pi~
ν1, (S.35)
where ν1 is the Chern number of the filled (lowest)
band [S11].
Energy spectrum displaying band touching points:
the case Φ = 1/4
When the flux is Φ = pi/2 [i.e. α = 1/4 and q = 4],
as it is the case in the experiment [see eq. (S.17)], the
energy spectrum only displays three well separated bands
(see Fig. S4a and Fig.2 in the main text). The central
“super-band” consists of two touching subbands [S8]: ε2
and ε3. Since the Chern number is only well defined for
isolated bands [S6, S8], it is important to consider the
new following labeling of bands:
E1 = ε1, E2 = “ε2 + ε3”, E3 = ε4. (S.36)
The Chern numbers ν1,2,3 associated with these well-
separated bands have the values {1,−2, 1}, see Ref. [S8].
We now fill each band Eµ with N
(µ) particles, and
µ = 1, 2, 3. As before, we assume that these particles uni-
formly distribute themselves over each band. We write
the total number of particles as
Ntot = N
(1) +N (2) +N (3). (S.37)
The mean number of particles in a state of the lowest or
upper bands are
ρ(1) =
N (1)
NxNy
, ρ(3) =
N (3)
NxNy
, (S.38)
whereas in the central band, the mean number of parti-
cles is
ρ(2) =
N (2)
2NxNy
, (S.39)
since the second “super-band” contains 2NxNy states.
The mean velocity per particle is then obtained as in the
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previous Section,
〈v〉 = 1
Ntot
∑
µ=1,2,3
ρ(µ)
∑
k
(
−F
~
Ωµ(k)
)
,
= − F
~Ntot
[
ρ(1)
∑
k
Ω1(k) + ρ
(2)
∑
k
Ω2(k)
+ρ(3)
∑
k
Ω3(k)
]
,
= − 4Fa
2
hNtot
[
N (1)ν1 +
N (2)
2
ν2 +N
(3)ν3
]
,
= −4Fa
2
h
[
η1ν1 +
η2
2
ν2 + η3ν3
]
,
where we again introduced the band filling factor ηµ =
N (µ)/Ntot, and the Chern numbers νµ of the three sepa-
rated bands, µ = 1, 2, 3. Accordingly, for ηµ(t) = η
0
µ con-
stant in time, the center-of-mass displacement is given
by
x(t) = x(t0)− 2Fta
2
pi~
[
η01ν1 +
η02
2
ν2 + η
0
3ν3
]
, (S.40)
so that measuring the initial fillings η01,2,3 give access to
the Chern number ν1, using symmetry arguments. In-
deed, in the next paragraph we show that ν1 = ν3,
which is a direct consequence of the particle-hole sym-
metry inherent to the Harper-Hofstadter model [S4, S8].
Using this symmetry, together with the fact that the to-
tal tight-binding band carries a zero Chern number, i.e.∑
j νj = 0, yields
ν2 = −2ν1, ν3 = ν1, (S.41)
so that eq. (S.40) becomes
x(t) = x(t0)− 2Fta
2
pi~
ν1
[
η01 − η02 + η03
]
. (S.42)
We can rewrite the latter result as
x(t) = x(t0)− 2Fta
2
pi~
νeff1 (S.43)
νeff1 = ν1γ0, γ0 =
[
η01 − η02 + η03
]
, (S.44)
where νeff1 denotes the effective Chern number, which de-
viates from the ideal and quantized value ν1 when higher
bands are initially populated [i.e. η01 < 1].
When the populations vary in time, as it is the case in
the experiment, the center-of-mass follows the equations
of motion
x(t) = x(t0)− 2Fa
2
pi~
ν1
∫ t
0
η1(t
′)− η2(t′) + η3(t′)dt′.
(S.45)
Hence, measuring the populations γ(t) =
η1(t) − η2(t) + η3(t) together with the COM dis-
placement x(t) allows to evaluate the Chern number ν1,
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FIG. S4. Energy spectrum, Chern number distribution and
Berry curvature of the lowest band for the Harper-Hofstadter
Hamiltonian with flux Φ = pi/2. a the topological case δ = 0,
and b the topologically trivial case triggered by the staggered
potential detuning, here illustrated for δ = 4J . In contrast
to the topologically trivial case, the Berry curvature has only
positive contributions in the topological regime, leading to a
non-zero Chern number ν1 = +1.
based on long-time dynamics.
Finally, we note that an alternative analysis can be
performed without invoking the particle-hole symme-
try leading to eqs. (S.41)-(S.42). Indeed, by imposing∑
j νj = 0 only, the Hall deflection x(t) can be fitted
using the more general equation
x(t) = x(t0)− 2Fa
2
pi~
(
ν1
∫ t
0
η1(t
′)− η3(t′)dt′
+ν2
∫ t
0
η2(t
′)
2
− η3(t′)dt′
)
,
(S.46)
where the two fitting parameters are the Chern numbers
of the two lowest bands ν1,2. We verified that this leads
to a simultaneous and satisfactory measurement of these
two topological numbers: For the data shown in Fig.3b
of the main text we obtain ν1 = 1.21(14), ν2 = −2.7(5)
(black data points) and ν1 = 1.04(10), ν2 = −2.2(3)
(gray data points), where we have used the measured
band populations ηµ(t) in Fig. 3c of the main text.
In Figure S4 we show the energy spectrum and the
Berry curvature distribution of the lowest band for the
homogeneous Harper-Hofstadter Hamiltonian (δ = 0) in
eq. (S.23). In the experiment, the additional staggered
detuning δ triggers a topological phase transition at δ =
2J (Fig.4b in the main text and Sect. S.IV). For δ >
2J , the bands are all topologically trivial, with Chern
numbers νµ = 0, as depicted in Fig. S4b for δ = 4J .
15
On the particle-hole symmetry and the Chern
numbers
The discrete Schro¨dinger equation associated with the
Harper-Hofstadter model can be written in the form [S4,
S8]
Eψ(m,n) = −J[ψ(m+ 1, n) + ψ(m− 1, n)
+ ei2piαmψ(m,n+ 1) + e−i2piαmψ(m,n− 1)], (S.47)
where we explicitly used the Landau gauge B = B(0, x),
and we stress that the following discussion does not de-
pend on this choice. For α = p/q, the system has a dis-
crete translational invariance associated with the trans-
lation operators
Tˆ qxψ(m,n) = ψ(m+ q, n), Tˆyψ(m,n) = ψ(m,n+ 1).
Using Bloch’s theorem, we write the wave function as
ψ(m,n) = eikxmeikynuk(m), uk(m+ q) = uk(m),
where the periodic function uk(m) satisfies the equation
Euk(m) = −J
[
uk(m+ 1)e
ikx + uk(m− 1)e−ikx
+ 2 cos (2piαm+ ky)uk(m)
]
. (S.48)
The energy spectrum splits into several subbands Eµ(k),
where µ is the band index. Let us focus on a specific band
Eµ(k), located around the value E
∗ < 0. The Chern
number associated with this band is given by eq. (S.33),
namely,
νµ =
1
2pi
∫
FBZ
Ωµ(k)d
2k. (S.49)
Now, let us show that the Chern number associated
with the “top band” Eµ˜(k), located around the value
(−E∗) > 0 is the same as the Chern number of the “bot-
tom band” Eµ(k), considered above: νµ = νµ˜. We start
with the Harper equation (S.47) and consider the trans-
formation
ψ(m,n)→ ψ˜(m,n) = (−1)m+nψ(m,n). (S.50)
The new functions satisfy the Harper equation,
(−E)ψ˜(m,n) = −J[ψ˜(m+ 1, n) + ψ˜(m− 1, n)
+ ei2piαmψ˜(m,n+ 1) + e−i2piαmψ˜(m,n− 1)],
(S.51)
which is the same as in eq. (S.47), but with E → −E.
This latter result illustrates the particle-hole symmetry
in the system, i.e., the fact that if there exists a state at
E, then there necessarily exists a state at the opposite
energy −E [which can be traced back to the fact that
the square lattice is bipartite]. As before, we write the
solution of eq. (S.51) as
ψ˜(m,n) = eikxmeikynu˜k(m), u˜k(m+ q) = u˜k(m),
where the periodic functions u˜k(m) satisfy the equation
Eu˜k(m) = −J
[
u˜k(m+ 1)e
i(kx+pi) + u˜k(m− 1)e−i(kx+pi)
+ 2 cos (2piαm+ (ky + pi)) u˜k(m)
]
.
(S.52)
Comparing with eq. (S.48), we find that the eigenstates
associated with the “top band” Eµ˜(k) [located around
(−E∗) > 0] can be obtained from the eigenstates asso-
ciated with the “bottom band” Eµ(k) [located around
E∗ < 0] through the relation
ukx,ky (m) = u˜kx+pi,ky+pi(m). (S.53)
In other words, the “particle-hole” transformation in
eq. (S.50), which transforms a state of energy E into
a state of opposite energy (−E), is also associated with
the transformation k → (kx + pi, ky + pi). Consequently,
the Berry’s curvatures associated with the two opposite
bands are related by
Ωµ(kx, ky) = Ωµ˜(kx + pi, ky + pi), (S.54)
namely, both bands share the same curvature, up to an
overall shift in the Brillouin zone.
As a corollary, two opposite bands of the Harper-
Hofstadter model [located around E∗ and (−E∗), re-
spectively] necessarily share the same Chern number [see
eq. (S.33)], as this quantity averages the Berry’s curva-
ture over the FBZ [i.e. the overall shift in eq. (S.54) can
be eliminated by a redefinition of the FBZ].
S.VI. EXPERIMENTAL SEQUENCE
In this section we describe the experimental sequence
used for the transverse Hall drift and band population
measurements.
Loading sequence The experimental sequence
started by loading a Bose-Einstein condensate of 87Rb
atoms within 150 ms into a two-dimensional optical su-
perlattice. Along each of the axes two standing waves
were superimposed with λs = 767 nm and λL = 2λs.
The relative phase between them was chosen such that
a lattice potential with staggered energy offsets ∆ + δx
along x and δy along y, with δx ≈ δy ≡ δ and δ < ∆, was
created. The lattice depths were Vy = 10(1) Ers, VyL =
1.75(5) ErL, Vx = 6.0(2) Ers and VxL = 5.25(16) ErL,
with Erα = ~2k2α/(2m), α = {s, L}. At this point of the
sequence all atoms were loaded into the low energy sites.
The two pairs of beams used for the modulation were
then switched on in 30 ms, with a frequency difference
ωr = −ωb = ±∆/~; at this stage, no resonant tunneling
between neighboring sites was induced, due to the offset
detuning δ. After that, we ramped down the long lattices
within 30 ms to VyL = 0 ErL and VxL = 3.25(10) ErL,
which corresponds to δ = 0. For these values, resonant
laser-assisted tunneling along x and bare tunneling along
y occurred, simultaneously creating a homogeneous flux
16
kxky
kx
ky
De
ns
ity
 (a
.u
.)
(π/a) (π/a)-0.5 -0.5
0.5 0.5
ks
ks
cba
FIG. S5. Momentum distribution of the atoms in the three
well-separated Hofstadter bands. a This data was obtained
after applying the loading and band-mapping sequence as de-
scribed in the Method section of the main text. Here we
show an average of 15 independent measurements obtained
after 10 ms time-of-flight. b Schematic illustration of the cor-
responding Brillouin zones. c Energy spectrum of the Harper-
Hofstadter model for Φ = pi/2. The color code illustrates the
connection between the Brillouin zones and the Hofstadter
bands.
Φ = ±pi/2 (aligned along −eˆz) depending on the sign
of the modulation frequency. We checked that all lattice
sites were equally populated after the loading sequence.
Loading sequence for lattice setup with trivial
topology The loading sequence described above is also
used to load the atoms into the staggered flux lattice.
The only difference is that the modulation is switched
on with a frequency difference ωr = ωb = ±∆/~, which
results in a flux Φ = ±(−1)mpi/2.
The sequence for the lattice without flux was performed
in a similar manner. It started by loading the atoms
into a two-dimensional superlattice with lattice depths
Vx = Vy = 10(1) Ers, VxL = VyL = 1.75(5) ErL within
150 ms. Subsequently the long lattices were decreased
to zero within 30 ms. In this way a simple square lat-
tice configuration without flux and a tunnel coupling of
J/h = 75(3) Hz along both directions was realized.
Optical gradient The optical gradient used to in-
duce Bloch oscillations along y was realized using an ad-
ditional laser beam with wavelength λz = 844 nm. It was
focused at the atom position to a waist of about 125µm
and aligned such that the atomic cloud is located at the
maximum slope of the Gaussian beam profile along y.
Along x the beam was centered on the atom position.
The strength of the gradient was determined through in-
dependent measurements of Bloch oscillations in a one-
dimensional lattice with Vy = 10(1) Ers.
Band mapping sequence To measure the popula-
tions in different Hofstadter bands, we reversed our load-
ing sequence described above and ramped up the long
lattices to VyL = 1.75(5) ErL and VxL = 5.25(16) ErL,
respectively, within 30 ms. At this point of the sequence,
tunneling is off-resonant along both directions, and the
Hofstadter bands map onto the bands of the usual 2D
superlattice. We then suddenly switched off the modula-
tion and used standard detection techniques to infer the
momentum distribution and band populations.
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FIG. S6. Determination of the populations ηµ(t) and the
corresponding filling factor γ(t) in the three different Hof-
stadter bands. a Typical experimental image obtained af-
ter mapping the populations of the Hofstadter bands onto
higher Bloch bands of the static two-dimensional superlat-
tice as described in Sect. S.VIII. The momentum distribution
was measured after 10 ms time-of-flight. b Schematic draw-
ing of the corresponding Brillouin zones. c Illustration of the
four non-equivalent sites of the 2a × 2a unit cell, whose di-
mensions are preserved during the sequence. d Energy spec-
trum of the Harper-Hofstadter model for Φ = pi/2. e Evo-
lution of the band populations ηµ(t) as displayed in Fig. 3c
of the main text and the corresponding filling factor γ(t) for
Fa/h = 38.4(8)Hz. The solid line in the lower panel shows
an exponential fit to our data, which was used to extract the
Chern number νexp. The color code illustrates the connec-
tion between the Brillouin zones, sites in the unit cell, the
Hofstadter bands and the corresponding measured band pop-
ulations ηµ(t). The insets in the lower panel show typical ex-
perimental images obtained after the band-mapping sequence.
S.VII. MOMENTUM DISTRIBUTION IN THE
HOFSTADTER BANDS
The Hall drift as a response to an externally applied
force given in eq. (3) of the main text is based on the
assumption that the distribution of bosonic atoms in
the different Hofstadter bands is incoherent and homo-
geneous. To check this assumption independently in the
experiment we mapped the band populations of the Hof-
stadter bands onto the ones of a static two-dimensional
superlattice. This is achieved by reversing the loading
sequence illustrated in Fig. 2 of the main text (see also
Methods). After loading the atoms into the three well-
separated Hofstadter bands, a staggered detuning δ is
ramped up within 30 ms along both directions to sup-
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press tunneling in the presence of the modulation (see
main text and Methods). Switching off the modulation
then maps the populations in the bands of the explic-
itly time-dependent Hamiltonian onto the ones of the
static superlattice potential. The size of the Brillouin
zone and thus the number of bands remains unchanged
during the mapping sequence, such that the population
of different k-states is preserved if scattering processes
and heating effects during the ramp are neglected. Con-
sequently the momentum distribution in the bands of
the static superlattice potential reflects the one of the
Hofstadter bands. All fields are then switched off adia-
batically to map the quasimomentum distribution onto
the real-space momentum distribution. After letting the
atoms expand for 10 ms we measured the distribution
using standard absorption imaging. The result is shown
in Fig. S5a. The connection to the Brillouin zones and
the bands of the Harper-Hofstadter Hamiltonian are il-
lustrated by the schematic drawings in Fig. S5b,c. It can
be seen that the atoms are distributed homogeneously
over the lowest band. A fraction of atoms also populates
the higher bands in a homogeneous manner. Our data
is thus consistent with our assumption of homogeneous
populations in the bands.
S.VIII. BAND-POPULATION MEASUREMENT
The population in different Hofstadter bands can be
measured using the sequence described in the previous
section by counting the atoms in the different Brillouin
zones. The zones are, however, connected which compli-
cates the precise evaluation of the corresponding atom
numbers. To simplify the counting we apply a slightly
different sequence which allows us to transfer the atoms
to higher Bloch bands such that they appear in well sep-
arated Brillouin zones. We first map the band popula-
tions of the Hofstadter bands onto the ones of the static
two-dimensional lattice without periodic driving (see pre-
vious section). After having switched off the periodic
modulation the staggered energy offset between neigh-
boring sites is given by δ + ∆ along x and by δ along y.
If these energy offsets are large enough compared to the
bare couplings Jx and Jy, tunneling is suppressed and the
populations in different Bloch bands correspond to popu-
lations on different sites Nq, q = A,B,C,D (see Fig. S6).
These can be measured by transferring the populations
on different sites to higher Bloch bands and performing
a subsequent band-mapping technique [S10]. The con-
nection between the Hofstadter bands, sites in the unit
cell and Brillouin zones is illustrated by the color code
in Fig. S6. Using the measured site-populations Nq we
evaluated the occupation in the three Hofstadter bands,
η1 = NA/Ntot, η2 = (NB +NC)/Ntot and η3 = ND/Ntot,
where Ntot is the total atom number (Fig. S6e). By fit-
ting an exponential to the corresponding filling factor
γ(t) = η1(t) − η2(t) + η3(t) we determined the Chern
number νexp from the measured differential shift 2x(t)
200150100500
-6
-4
-2
2
0
b
a
positive flux
negative flux
200150100500
-2
0
2
8
6
4
200150100500
-2
0
2
4
x-
Po
sit
io
n 
(a
)
200150100500-2
0
2
10
8
6
4
positive flux
negative flux
positive flux
negative flux
positive flux
negative flux y
-P
os
itio
n 
(a
)
x-
Po
sit
io
n 
(a
)
y-
Po
sit
io
n 
(a
)
BO time (ms) BO time (ms)
BO time (ms)BO time (ms)
+F
+F
-F
-F
FIG. S7. Absolute center-of-mass positions along x and y as
a function of the Bloch oscillation (BO) time for a gradient
F = F eˆy (a) and F = −F eˆy (b) corresponding to the data
shown in Fig. 3 of the main text.
according to equation (5) in the main text, where ν1 was
the only free fit parameter.
S.IX. ABSOLUTE CENTER-OF-MASS
POSITIONS
To study the Hall deflection of the cloud we evalu-
ated the differential shift for positive and negative flux
Φ by subtracting the center-of-mass (COM) positions of
the cloud as depicted in Fig. 3a,b of the main text. In
this section we show the absolute COM positions of the
cloud for positive (blue) and negative (red) sign of the
flux corresponding to the black (Fig. S7a) and gray data
points (Fig. S7b) in Fig. 3b of the main text. We ob-
serve a clear splitting of the positions perpendicular (x-
direction) to the gradient for both directions ±F eˆy. The
additional drift in the x-position and differential shift in
the y-position for F = F eˆy (Fig. S7a) is most likely due
to a slight misalignment of the gradient such that it has
a small component along x. We checked that this can
be removed by aligning the optical gradient (see Method
section of the main text) more carefully as can be seen in
Fig. S7b, where the data was taken just after aligning the
optical gradient. The global drift along x in this case is
absent as well as the differential shift along y. Addition-
ally we checked that the differential shift perpendicular
to the gradient is not affected.
S.X. NUMERICAL SIMULATIONS AND
SHORT-TIME DYNAMICS
In this Section, we discuss the methods used to simu-
late the dynamics. In the regime where the band popula-
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tions ηn(t) = η
0
n are constant, which is expected for suffi-
ciently weak forces and short-time dynamics, the center-
of-mass displacement follows the equations of motion,
x(t) = x(t0)− 2Fta
2
pi~
γ0ν1, γ0 = η
0
1 − η02 + η03 , (S.55)
as already discussed in Section S.V. For a given force F
and initial band fillings η0n, this simple equation describes
the “ideal” linear drift of the cloud.
In order to gain more insight on the dynamics cap-
tured by the effective Harper-Hofstadter Hamiltonian,
and hence to verify the validity of eq. (S.55), we have
simulated the full non-interacting problem. In the ab-
sence of the force F , we write the Hamiltonian ruling the
dynamics as [eq. (S.19)]
Hˆeff = −J
∑
m,n
{
aˆ†m+1,naˆm,ne
i[pi/2(m+n)−φ0] + h.c.
+ (1 + fm,n)aˆ
†
m,n+1aˆm,n + h.c.
}
+
δ
2
∑
m,n
[(−1)m+(−1)n] nˆm,n + Vˆconf, (S.56)
which corresponds to the first-order effective Hamilto-
nian in eq. (S.17) together with the main second-order
corrections fm,n defined in eq. (S.24). This Hamiltonian
corresponds to the Harper-Hofstadter Hamiltonian
with flux Φ = pi/2, and it includes the staggered
potential detuning, and the external harmonic poten-
tial Vˆconf, see Section S.III. In the following, we take
Vˆconf =
∑
m,n V (m,n)nˆm,n, with the experimental
configuration V (m,n) = β(0.5m2 + n2) and β = 10−3J .
To simulate the dynamics in the presence of a force,
we follow the strategy described in Ref. [S11]. We first
establish the initial condition by confining the system
within a certain radius r0 ∼ 10 − 30a, using a potential
Vˆinitial; to simplify the analysis, we take an abrupt
circular potential Vˆinitial ∼ (r/r0)ζ with ζ  10, but we
note that smoother potentials could also be considered
for the initial preparation [S11]. We diagonalize the cor-
responding Hamiltonian matrix Hˆinitial = Hˆeff + Vˆinitial
on a finite system of radius r > r0, and we classify
its eigenstates χα in terms of the three bulk bands,
based on their energies Eα; we note that the three-band
structure clearly appears in the density of states. Having
established the initial population of the bands, we then
compute the time evolution of each state χα(t) accord-
ing to the Hamiltonian Hˆevol = Hˆeff + Vˆforce, where
Vˆforce = −F yˆ describes the force acting on the particles
at time t > 0 along the y direction; on the lattice,
the operator yˆ is defined as yˆ = a
∑
m,n n nˆm,n. The
center-of-mass displacement x(t) is then evaluated by
computing the spatial density ρ(x, t), which is obtained
from the populated evolving states χα(t).
Numerical results are illustrated in Fig. S8, where the
center-of-mass displacement x(t) is plotted for different
x/a
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FIG. S8. Numerical simulations showing the center-of-
mass displacement x(t), in the direction perpendicular to
the force F = F eˆy. The dynamics is governed by the
Harper-Hofstadter Hamiltonian in eq. (S.56). The full curves
correspond to different initial band populations and force
strengths: the perfect filling of the lowest band is γideal0 = 1,
the experimental filling is γexp0 = 0.36, the “weak” force
is Fweak = 0.25J/a and the experimental force is Fexp =
0.52J/a. The dotted lines show the linear drift predicted by
eq. (S.55) for each of the four situations; these linear trajec-
tories are valid in the regimes where the band populations are
constant (i.e. weak forces or short times). In all cases, we set
δ = 0, φ0 = pi/4 and κ/(~ω) = 0.58, so that the effective tun-
neling along y is Jeffy ≈ 0.83J , and Jeffx = J . As shown by the
green shaded area in Fig. 3a of the main text, the trajectories
are found to be similar for the wide range φ0 ∈ [0, pi].
initial band populations γ0 and force strengths F . First,
let us consider a situation where the force is reasonably
weak, Fweak = 0.25J/a. In this case, the motion is found
to follow the linear behavior predicted by (S.55), and
the band populations remain approximatively constant
for long times, γ(t) = γ0. When the atoms populate
the lowest band only, γideal0 = 1, they all undergo a net
drift along the −x direction due to the positive Berry
curvature associated with this band (see eq. (S.29) and
Fig. S4). For a typical experimental filling γexp0 = 0.36,
about 30% of the atoms populate the central band (with
Chern number ν2 = −2), and they propagate in the op-
posite direction +x: this leads to a slower center-of-mass
velocity, captured by the factor γ0 < 1 in the equa-
tions of motion (S.55). Then, when the force is stronger,
Fexp = 0.52J/a, as it is the case in the experiment to op-
timize the displacement measurement, γ(t) is no longer
constant and the simulations show a clear deviation from
the linear motion (S.55) for times t ∼ 20 ms (both for
γ0 = 1 and γ0 < 1). A comparison with our experimental
data for times t ≤ 35 ms is shown in Fig. 3a (main text),
indicating a good agreement in the short-time regime.
This short-time analysis, together with the measured ini-
tial band populations η0µ = {0.55(6), 0.31(3), 0.13(3)},
and the equations of motion in eq. (S.55), provides a
reasonable experimental value for the Chern number of
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the lowest band νexp = 0.9(2). The green shaded area
in Fig. 3a (main text) delimits the numerically simulated
trajectories obtained in the range φ0 ∈ [0, pi], using the
measured initial band populations (γ0 ≈ 0.36), and other
experimental parameters (δ = 0, κ/(~ω) = 0.58). As al-
ready illustrated in Fig. S8, the simulations already show
a deviation from the linear behavior for times t ∼ 20 ms;
this explains the reduced value of the experimentally de-
termined Chern number, which includes data points up
to t = 35 ms. We point out that the linear-motion break-
down (i.e. the Landau-Zener induced inter-band tran-
sitions) signaled by our simulations only constitutes a
partial explanation for the Hall drift saturation observed
in the experiments. Indeed, we expect that additional
effects, which are not captured by the present simula-
tions (such as interactions and heating processes), could
potentially lead to stronger band repopulation.
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